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Nearly perfect photon recycling helped GaAs cells achieve the highest efficiency ever reported for a 
solar cell. Recent reports of photon recycling in perovskite solar cells suggest that, once optimized, it 
may as well achieve GaAs-like performance. In this paper, we show that GaAs and perovskite cells 
recycle photons in different ways. First, although bare-perovskite has been shown to have lifetimes 
(~1μs) in the radiative limit, non-radiative recombination at the transport layers restricts the solar cell 
operation far below the ‘photon-recycling’ regime. GaAs cells have no such limitation. Second, even if 
the transport layers were optically and electrically perfect, the poor mobility of the perovskite layer 
would still restrict the optimum thickness ~1μm. Thus, a very high quality mirror (reflectivity >96%) is 
required to utilize photon-recycling. The mirror reflectivity restriction was far more relaxed for the 
thicker (~2 − 3μm) GaAs cells. Therefore, a nontrivial co-optimization of device geometry, mirror 
reflectivity, and material choice is necessary for achieving highest theoretical efficiency anticipated for 
perovskite cells. 
I. Introduction and background  
There has been tremendous progress in perovskite solar cell performance since the 3.8% cell in 2009[1] -- 
the efficiency has now reached 22.1%. From this point onward, rapid development in performance will be 
difficult, and can only be achieved through meticulous material[2-9] and device engineering[10-13]. Earlier 
studies have predicted the performance limits of these solar cells [14-16]—but given the recent major 
improvements in material quality, these predictions should be re-visited.  
The ultra-high efficiencies in GaAs cells are now near the radiative limit. In the radiative limit, photon 
recycling helps improve the open circuit voltage to very close to the Shockley-Quiesser (SQ) limit. Recent 
studies have reported very high bulk lifetime (in order of μs) in perovskites with very good external 
luminescence[17]. Therefore, perovskites show prospects for joining GaAs as an ultra-high performance 
solar cell[18]. 
At the current stage of perovskite PV technology, an obvious question arises: Can we follow the same 
design principles of GaAs solar cells to reach high performance in perovskite? To address this question, we 
need to determine processes that limit photon recycling in perovskites. For example, it is not clear how high 
the SRH lifetime needs to be for perovskites to reach the radiative limit. Parasitic optical losses and non-
radiative recombination in the transport layers will limit the potential efficiency gain of these cells. There 
have been several works to minimize optical losses in transport layers (TLs). Reduced band-mismatch by 
engineering work-function and new materials have improved open circuit voltage (𝑉𝑂𝐶) and fill-factor 
(𝐹𝐹)[19-21].    
In this paper, we lay out the design considerations towards an “ideal” perovskite solar cell. We use self-
consistent opto-electronic simulation to analyze the role of absorption, photon recycling, and transport in 
the device. We first briefly describe this simulation framework. Photon recycling inside perovskite solar 
cells and the physics of external radiative efficiency (ERE) are then discussed, focusing on the effects of 
several critical design factors including SRH lifetime, absorber thickness, and mirror reflectivity. We 
present a breakdown on the loss components in a perovskite solar cell and explain the transition of 
perovskite cells from the non-radiative to the radiative limit. The principles for designing perovskite solar 
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cells that operate near the SQ limit can be summarized as follows: 
(i) Parasitic absorption in the TLs degrades both the short circuit current (𝐽𝑆𝐶) and the photon-recycling. 
TLs should be chosen to have weak or no absorption above the perovskite band-edge. 
(ii) Although the bare-perovskites may have reached lifetimes close to the radiative limit, the TL/perovskite 
interface greatly enhances non-radiative recombination. This lowers the effective carrier lifetime in the 
device. Therefore, the solar cells cannot reach “GaAs-like” performance although the perovskite-layer 
itself has very high quality. 
(iii)Finally, once the effective lifetime in the device has been improved close to the radiative limit, the poor 
mobility in perovskites still limits its optimal thickness to ~1μm. For photon-recycling in such a thin 
layer, the mirror reflectivity is required to be extremely high (>96%) for good photon-recycling. 
 
II. Simulation details  
Simulations in this work are based on techniques developed earlier for exploring the design of GaAs solar 
cells that operate near the Shockley-Queisser (SQ) limit [22-26]. In this technique, radiative recombination 
and photon recycling are rigorously calculated. First, the intrinsic radiative recombination rate is obtained 
from the van Roosbroeck-Shockley equation as a property of the perovskite material without dependence 
on geometry. Photons emitted from this intrinsic radiative recombination are isotopically partitioned into 
0.2-degree resolution covering all directions are ray-traced around the solar cell. The ray tracing module 
and then uses Beer-Lambert equation for absorption and Fresnel equations at material boundaries. During 
the recycling process, photons may be emitted out of the cell as photoluminescence via the escape cone, 
parasitically absorbed by other non-active layers or the backside mirror, or re-absorbed by perovskite to 
generate new electron-hole pairs. For each ray, the tracing ends when less than 0.01% of original intensity 
remains. This photon recycling optical calculation is coupled with semiconductor electronic transport 
equations to form a self-consistent and electro-optically coupled framework in the numerical simulator 
Sentaurus [27].  
We consider a typical perovskite cell structure, which consists of a layer of perovskite (~300 nm) 
sandwiched between an Electron Transport Layer (ETL) and a Hole Transport Layer (HTL). We will 
collectively refer to the ETL and HTL as Transport Layers (TLs). The key parameters used are listed in 
Table S1. SRH recombination is modeled using a single, “effective” value, without distinguishing between 
surface and bulk SRH components. It can be interpreted as the effective lifetime of the combined 
HTL/perovskite/ETL structure measured directly through, for example, Time Resolved Photoluminescence 
(TRPL). Although we numerically study the inverted configuration, the “effective lifetime” approach 
allows us to generalize our conclusions to both the standard (e.g., ITO/TiO2 (ETL)/perovskite/HTL) and an 
inverted (e.g., ITO/PEDOT (HTL)/perovskite/ETL) device. 
 
III. Understanding photon-recycling in perovskite cells  
One may trivially approach the SQ limit by removing all SRH recombination, leaving only the radiative 
and Auger losses that fundamentally exist. In this limit one source of degradation in 𝐽𝑆𝐶  is an imperfect 
mirror. Due to conventionally used 300 nm thin perovskite layer, the sunlight is not absorbed in a single 
pass—the mirror is therefore important in reflecting the light to provide effectively a longer absorption 
length. Thus, as seen in Fig. 1(a), absorption in the perovskite, i.e., 𝐽𝑆𝐶  will decrease with mirror reflectivity 
𝑅𝑚𝑖𝑟𝑟. A moderate 𝑅𝑚𝑖𝑟𝑟~80% lowers 𝐽𝑆𝐶  by ~0.5 mA/cm
2 compared to ideal. Parasitic absorption in 
TLs can further reduce 𝐽𝑆𝐶  (see supplement). Within an inverted cell, light enters through the TCO, then 
travels through HTL and reaches the perovskite.  
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Let us now consider photon recycling. Photon recycling causes the internally emitted photons to be re-
absorbed within the perovskite layer. In a planar structure, a fraction (~1/𝑛2, where 𝑛 is the refractive 
index) of the internal emission escapes and radiates outside the device. This contributes to the fundamental 
gap between 𝐸𝐺  and 𝑉𝑂𝐶 . The internally emitted photons outside the escape cone go through several 
bounces (∼ 1/2𝛼𝐿, with 𝛼 being the absorption coefficient) inside the perovskite layer before being re-
absorbed.  
 
 
 
Fig. 1: (a) Jsc, (b) Voc, and (c) efficiency as function of mirror reflectivity assuming no optical losses in 
TLs. No SRH recombination is included in these results. 
 
With no optical loss in the TLs, most of the reduction in 𝑉𝑂𝐶 occurs as 𝑅𝑚𝑖𝑟𝑟 drops from 100% to 95%. 
This is because majority of the internally emitted photons are lost to the imperfect mirror thereby lowering 
photon recycling. The reason for such sharp decrease is the thin cell thickness of 300 nm. In a thinner cell, 
the photon requires more number of bounces off the mirror to travel its absorption length. Therefore, for the 
same mirror reflectivity, a thinner cell will have more radiative recombination loss due to parasitic mirror 
absorption. 
Even with no parasitic optical losses (𝑅𝑚𝑖𝑟𝑟 = 100%), as seen in Fig. 1(c), 𝜂 ≈ 27.7% in the radiative 
limit, which is lower than the SQ limit (~33%). This is due to two reasons: (i) low mobility, and (ii) 
incomplete absorption in the thin 300 nm perovskite. On the first reason, it is known that low mobility can 
lower the radiative limit below the SQ value [28]. On the second reason, a thicker perovskite layer is 
required to completely absorb the above bandgap photons. Unfortunately, SRH recombination in a thick 
perovskite competes with the photo-absorption— yielding an optimum thickness 𝐿 for a given SRH 
lifetime (𝜏𝑆𝑅𝐻), as follows.  
 
IV. Role of SRH recombination  
A. Competition between radiative and non-radiative recombinations: physics of ERE 
Radiative efficiency is an important figure of merit for photon management. The External Radiative 
Efficiency (ERE) is defined by ratio of emission and 𝐽𝑆𝐶 . PL measurements can easily determine ELE, and 
therefore the metric has been used to access the cell quality, and compare cell performances across different 
technologies. In Fig. 2(a), ERE is shown for both 80% (solid line) and 100% (dashed line) mirror 
reflectivity along the maximum efficiency peak. The degradation in photon recycling from 100% to 80% 
𝑅𝑚𝑖𝑟𝑟 reduces ERE significantly. Contribution of radiative recombination increases, as seen by the increase 
in 𝜂𝑒𝑥𝑡 with 𝜏𝑆𝑅𝐻. We observe that 𝜂𝑒𝑥𝑡 saturates for 𝜏𝑆𝑅𝐻 ~ 1 μ𝑠 (5 μs) with 𝑅𝑚𝑖𝑟𝑟 = 80% (100%). With 
𝜏𝑆𝑅𝐻 ~ 1 μ𝑠, ERE 𝜂𝑒𝑥𝑡 reaches ~5% for an 80% mirror. To compare, the best GaAs cells have ERE of 
~20%. The overall ERE for 80% mirror, shown in Fig. 2(b), is no more than 8%. 
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Fig. 2: (a) ERE vs. 𝜏𝑆𝑅𝐻 for 100% (dashed line) and 80% (solid line) mirror reflectivity along the maximum 
efficiency peak. (b) ERE vs. 𝜏𝑆𝑅𝐻 and 𝐿 for 80% mirror reflectivity.  
 
As we will discuss later, there is an optimum perovskite thickness 𝐿 for each 𝜏𝑆𝑅𝐻 which maximizes the 
efficiency, as shown by the red dashed line in Fig. 3(d). Interestingly, at high 𝜏𝑆𝑅𝐻 region, ERE increases 
with higher 𝐿, while cell efficiency shows an optimal 𝐿 for each 𝜏𝑆𝑅𝐻. The difference is attributed to two 
factors. First, recall that ERE is defined by the ratio between emission and 𝐽𝑆𝐶 . In Fig. 3(a), 𝐽𝑆𝐶  decreases 
for absorbers thicker than 1 um, and as a result, even though the cell is less efficient, the ERE increases by 
definition. This is usually not an issue in cells with high mobility materials, such as silicon and GaAs. The 
second factor is the change of radiative and non-radiative recombination ratio. The dominating non-
radiative recombination mechanism at high 𝜏𝑆𝑅𝐻 region is Auger recombination, which has a cubic 
dependence with carrier concentration, Fig. 4(b). As the 𝑉𝑂𝐶 decreases with increasing 𝐿, the ratio of the 
radiative to Auger recombination increases slightly. Combining these two factors (Fig. 2(b) vs. 3(d)), we 
conclude that optimizing the ERE may not optimize the cell efficiency. Therefore, ERE should not be taken 
as the exclusive design metric for high-efficiency perovskite solar cells. 
 
B. Optimal design of the perovskite solar cell 
Having presented a general analysis of photon recycling and ERE in perovskite solar cells, we now focus 
on the cell efficiency and explore the key question: how does one improve today’s cell toward the SQ 
limit? The performance parameters of the perovskite solar cell strongly co-depend on the active layer 
thickness 𝐿, and the effective lifetime (𝜏𝑆𝑅𝐻). We now map out the effects of these key parameters and 
design principles toward ideal perovskite solar cells.  
The design space for solar cells with a modest mirror reflectivity of 80% (common metal reflectors) is 
shown collectively in Fig. 3. As expected, both 𝐽𝑆𝐶  (Fig. 3(a)) and 𝑉𝑂𝐶 (Fig. 3(c)) improve with increasing 
𝜏𝑆𝑅𝐻. The trend with varying length (𝐿) is, however, different. Increasing length lowers 𝑉𝑂𝐶 due to higher 
SRH recombination within the increased perovskite volume. This is more evident with lower SRH lifetime. 
On the other hand, photo-absorption will increase and saturate with 𝐿 as shown in Fig. 3(b) (red line 
labeled “Jgen”). Due to the low mobility of perovskite, longer 𝐿 and lower SRH lifetime decrease the 
collection of these light-generated carriers. As a result of this absorption-collection tradeoff, the 𝐽𝑆𝐶  is 
optimized at a finite thickness. 
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Fig. 3: Performance maps for solar cells with 80% mirror reflectivity. (a) Jsc vs. 𝜏𝑁𝑅 and 𝐿. (b) Jsc vs. L 
taken at 20 ns (solid blue line) and 1 us (dashed blue line), marked by solid and dashed blue lines in (a) 
respectively. (c) Voc vs. 𝜏𝑁𝑅 and 𝐿. (d) Efficiency vs. 𝜏𝑁𝑅 and 𝐿. For each of the contour plot, the 
maximum efficiency at each 𝜏𝑁𝑅 is shown as the red dashed line.  
 
Overall, the tradeoffs among 𝐿, 𝐽𝑆𝐶  and 𝑉𝑂𝐶 result in an optimum thickness for maximum 𝜂, as shown in 
Fig. 3(d). This “maximum 𝜂 peak line” at each 𝜏𝑆𝑅𝐻 is shown as the red dashed line in Fig. 3(a), (c), and 
(d), and it provides design guidance for optimizing device geometry with improving perovskite material 
quality. For each 𝜏𝑆𝑅𝐻, the 𝜂 maximum occurs at lower 𝐿 than that of 𝐽𝑆𝐶 . This is because 𝑉𝑂𝐶 always 
increases toward lower 𝐿. Moving along the x-axis, as 𝜏𝑆𝑅𝐻 increases, the cell benefits more from having 
higher 𝐽𝑆𝐶  with increased 𝐿. This increase in 𝐿 eventually saturates to ~1 um, due to the SRH no longer 
being the dominant recombination mechanism. The comparison among various loss mechanisms will be 
discussed shortly. 
Focusing on this maximum 𝜂 peak line, Fig. 4(a) shows the maximum 𝜂 vs. 𝜏𝑆𝑅𝐻 for 80% (solid line) and 
100% (dashed line) mirror reflectivity. Efficiency with imperfect mirror of 𝑅𝑚𝑖𝑟𝑟 = 80% is always lower 
than with a perfect mirror as expected. This is due to the combined loss in photo-absorption ( 𝐽𝑆𝐶) and 
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photon recycling (𝑉𝑂𝐶). With an ideal mirror and high 𝜏𝑆𝑅𝐻, one reaches a maximum 𝜂 of 28.8%. This is 
however significantly lower than the SQ limit at ~33% predicted for perovskite. This difference comes 
from the Auger recombination and low mobility—two practical factors not considered in SQ limit.  
Let us inspect the loss components in the state-of-the-art perovskite solar cells. In Fig. 4(b), we show loss 
components vs. 𝜏𝑆𝑅𝐻 along the maximum efficiency peak for 80% mirror reflectivity. With consideration of 
the finite mobility and Auger recombination, we predict an upper efficiency limit for perovskite solar cell at 
28.8% (see dashed line in Fig. 5(a)). There are five losses involved for any cell below this limit: (1) 
incomplete absorption (black area labeled as “In-abs”), (2) Auger recombination (green area labeled as 
“Auger”), (3) rear mirror loss (red area labeled as “Mirror”), (4) SRH recombination (blue area labeled as 
“SRH”), and (5) photoluminescence emission (orange area labeled as “PL”). As expected in the low 𝜏𝑆𝑅𝐻 
region, SRH recombination dominates. The efficiency loss due to incomplete absorption is also significant 
due to the optimal thickness at this region being < 1 um (see Fig. 3(d)). As 𝜏𝑆𝑅𝐻 increases, radiative 
recombination begins to dominate over SRH recombination. Photon-recycling plays a more prominent role 
in the device performance for higher 𝜏𝑆𝑅𝐻. Therefore, loss due to rear mirror becomes significant for 
𝜏𝑆𝑅𝐻 > 1 μs. This efficiency loss stabilizes at ~1%, since the optimal thickness stabilizes at ~ 1 um. Auger 
recombination is ~10% of the mirror loss. In our numerical model and the loss-analysis study, we have not 
considered loss due to reflection of light from the top surface. Approximately 15% top-surface reflection of 
the incident light can be estimated from ~85% EQE[8, 19]. 
 
 
Fig. 4: (a) Efficiency for 100% (dashed line) and 80% (solid line) mirror reflectivity. (b) Efficiency loss for 
each loss components vs. 𝜏𝑁𝑅 for 80% mirror reflectivity. The efficiency maximum is at 28.8%. At the 
right side of the plot, efficiency losses for each loss component with SRH lifetime of 50 us are shown.  
 
This work has combined the electronic losses in perovskites and TLs into a single effective lifetime 𝜏𝑆𝑅𝐻. 
In practice, TLs are known to be a significant challenge to design and optimize. Although the perovskite 
itself may have high quality, with recent works showing that intrinsic perovskite SRH lifetime can reach 
~1 μs, the TLs and their interfaces can be defective and introduce significant SRH recombination. Our 
analysis with 1μs perovskite lifetime but poor interface (in supplementary materials) show how the 
performance is restricted by the TLs alone. These results are consistent with effective 𝜏𝑆𝑅𝐻 < 50 ns. 
Therefore, improving the perovskite alone cannot make these devices more efficient: increasing the 
effective lifetime by interface engineering and reducing recombination in the transport layers is a key 
factor.  
 
V. Conclusions  
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Through self-consistent, electro-optical coupled device simulation, we showed that the design of 
perovskite solar cells that operate near the Shockley-Queisser limit is very different from that of GaAs. In 
GaAs, the design aspect is to increase the photon recycling, resulting in many research heavily focused on 
the mirror quality and novel photon management schemes. The situation is more complicated in perovskite 
solar cells.  
First, the TLs must be selected to have very low absorption of photons at the perovskite bandgap energy. 
This is important for immediate improvement in 𝐽𝑆𝐶  and for allowing better photo-recycling once electronic 
losses are suppressed. 
Second, interface and bulk SRH recombination must be lessened to increase 𝜏𝑆𝑅𝐻 and gain access to the 
higher efficiency part of the mapping. Several works in the current literature present high quality 
perovskites with lifetime on the order of 1μs. However, we stress once again that the effective lifetime of 
the full HTL/perovskite/ETL structure is what defines the performance of the solar cell. Therefore, 
lifetimes for both bare-perovskite and HTL/perovskite/ETL structures should be analyzed by TRPL 
experiments. As we have shown, the efficiency of the cell saturates beyond effective lifetime 𝜏𝑆𝑅𝐻 > 1μs. 
Therefore, perovskites may have reached the quality required to reach its fundamental performance limit—
the major hurdle is to improve the mobility of TLs and create better interfaces. 
Finally, as the TLs are improved, the effective-𝜏𝑆𝑅𝐻 would dictate the optimum perovskite thickness 𝐿. 
Also, due to the poor mobility of perovskites, the optimal thickness of the cell is limited to ~1 um, which 
causes the mirror reflectivity to strongly affect photon recycling. Without an advanced mirror (> 96 %), 
enhanced photon-recycling and efficiency gain from mirror improvement will not be significant.  
These unique challenges must be addressed in order for perovskite solar cells to reach toward the 
fundamental, radiative limit. 
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